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Abstract 


The demand of rechargeable batteries for portable applications is continu- 
ously inci casing . Of the known batteries, nickel-cadmium has an impressive power 
rating . However ^they have slow recharge rate and cadmium being a poisonous 
metal becomes an enviornmental hazard on disposal. The Lead-acid batteries , being 
another option, have lesser energy storage capacity and smaller life as compared to 
Ni-Cd batteries. This has encouraged development of mckel-meatl hydride (Ni-MH) 
batteries having characteristics similar to that of Ni-Cd battciics and at^same .time 
posing no enviornmental pollution . Their fabrication, however, involves intricate 
processes and is a matter of trade seerct. An atl.em])t has theiefoie l)eeii undeitaken 
to fabricate Ni-MH rechargeable cylindrical batteries (size ‘AA’) by using LaNis as 
active material with silicone seal«tiit as binder for negative electiodc , Ni(OH )2 as 
positive electrode , 8.5 molal solution of KOH as an electrolyte and a combination 
of nylone cloth and glass wool as separator . Two types of negative electrodes 
have been fabricated, one using bare LaNis and other with nickel coated LaNis as 
an active material . The crystalline phases of electrodes have been identified by 
powder X-ray diffraction technique. The electrical characteristics of batteries are 
studied by discharging through a resistor of 920 ohm. The stability of both types of 
electrodes have been examined in terms the number of cycles and shelf storage. 

The typical open circuit voltage is found to be 1 3 V and energy density 656 


IV 



J-s/kg. Further, it is demonstrated that electrodes with nickel coated LaNis provides 
better stability, lesser capacity loss and longer shelf life in nickel metal hydride 
batteries. It is believed that nickel coating prevents oxidation of the active material 
LaNis and leads to improvement in the recycling capacity and the shelf life of the 
Ni-MH battery. 
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Chapter 1 


Introduction 


The present chapter is devoted to basic imdci standing of a battery in terms 
of its components, electrochemical principles, thermodynamics and kinetics of the 
electrode processes involved. 


1.1 General description of a battery 

A cell is the basic building block of a battery and consists of three major 
components , the anode , the cathode , and the electrolyte. The anode or negative 
electrode is a reducing electrode and gives up electrons to the external circuit and 
is oxidized during electrochemical reaction. Thus^it must be an efficient reducing 
agent having good conductivity and stability The cathode or positive electrode is 
an oxidizing electrode which accepts electrons from external circuit and is reduced 
during electrochemical reaction. Clearly, it has to be an efficient oxidizing agent with 
good conductivity and stability. The electrolyte is an ionic conductor and provides 
medium for transfer of electric charge inside the cell between the anode and the 
cathode. It should have good ionic conductivity, poor reactivity with the electrode 
material, thermally stable and safe. A separator is usually insertod between the two 
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ok'c't.rodcs to i>hysical!y scpavnte thoiii. It is pci'iiicahh' to ('l<’cti olytc' so a,s to allow 
the charge transfer [1-3] . 

The term battery is generally adopted to describe a. single unit ready to use 
and comprised of one or nior(' cells (connectf'd in sei i('s or pai allel) ])rf)vided with 
terminals and i)roper insulation (Fig. 1.1.). 'i'lie battc-ries ar(' elassilit'd a.s primary 
and secoiKlary: 

A j)rimary battery can be n,se<l oidy once and discarded as it.s active materials 
are used up during reaction prodnc. ing (dectrical energy . Its examples incdndc Zn 
/ C , hlg / MnOo , Zn / IlgO , Zn / Ag20 , et.c. On the otlu'r hand, a secondary 
battery is made to n.se la'jx'alc'dly by i('v(Msine, tin' eheiiiical reaction l)y i)as.sing 
the current and storing the energy in the jnocf'ss called recharging. These are also 
known as storage batteries or accumulators, e.g., Lc'ad-acid, Ni - Cd , Ni - Fc , Ag 
- Cd .('t.('. fall under this category [1-3]. 

1.2 The electrode potential 

When a metal is immersed in an acpieous solution, it tends to pass into 
solution in the form of ions. M’his tendency is, li()W('V('r, opposc'd by di,ssolv('<l ions, 
which try to tleposit back on the metal surfac('. WIk'u tln'se two forces become e(iual, 
C(|uilibrium is attained. The value of e(|nilibrinni potential is called the electrode 
potential of the metal. When the ions h'ave, an ('(juivalent nnmb('r of (dectrons are 
accunmlat('il on the surface of the irn't al. 'Phis proc(',ss s('|.s-np an ('lecti-ostatic field 
which tries to hold the positive ions close to t lu' metal surface. Thus, an electric 
doni'h' layc'f is formed. If the dis.solved iiK'tal ions ai-(' removed from the solution, 
0 (iuilibrium is disturbed and niort' melal dissolve's until ('(|nilibrinm is at.tained 
atVesh. The' .epa'aler is tlu' f(’nd('ncy of a metal to pass into the soliil.ion, larger 
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is the number of electrons accumulated on the metal surface making the electrode 
poteirtial of the metal more negative [4-6] The electrode potential is determined in 

by 

comparison to a standard electrode i.e.^ the einf of a cell made of two electrodes . 
The electrochemical potential (ft) for an ion is W'. 

fi.= l,. + nFE (11) 

where ft. is the chemical potential defined as free energy per mole of a substance, n 
is the number of electrons, F is the Faraday constant (96,500 coulombs), E is the 
electrode potential of the metal. So, the change in the electrochemical potential of 
an ion, taking part in an electrode process is given by 

A/2 = A/i -f nF X AE (1.2) 

Under dynamic equilibrium , the cletrochcmical potential of the ions in metal and 
solution equihzes, such that 


Aft = 0 (1.3) 

This means that the chemical and the electrical potential differences counterbalance 
each other and no net transfer of ions takes place. Eq. (1.2) then gives 


Aft, — —nF X AE 


(1.4) 


or 


AG = -nF X AE 


(1.5) 
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where AG is the free energy change occurring in the electrode reaction and AE is the 
electrode potential with respect to a reference electrode. Under standard conditions 
(i.e., pure metal with its activity in solution being unity), we write [4] 


AG° = -nFAE° (1.6) 

Thus, the change in the electrode potential can be calculated from free 
energy data or measured experimentally. 

When two electrodes are immcised in an electiolyte, each develop s a po- 
tential of its own. Their difference then characteiises the cell potential In a battery 
electrochemical reaction includes oxidation and reduction of the active material on 
the anode and cathode, respectively. For example, in a Ni - Cd battery, the reactions 
are [2] 

, , charge 

2Ni{OH)2 + 20H- 2NiOOH + 2 H 2 O + 26" AE° = -0.49 volt 

(1.7) 

, charge 

Gd{OH )2 + 2e- Gd + 20H- AE° = volt (18) 

and the cell potential under standard conditions becomes -0 49 - (-f0.81) = -1.30 V 

1.3 Thermodynamic background 

For a hypothetical cell reaction 

a. A -4- b.D ^ c.C -b d.D (1-9) 

where A and B aie reactants, C and D aie pioducts and a,b,c,d some numbers, the 
Gibb’s free energy change (AG) at eciuihbrium is given by [2]^ 
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AG = RT In 


[CY[DY 


'{AY[BY 

where [A] represents the activity or molar concentration. The voltage AE of a cell 
is given by 

RT fGl^fGl^ 

AE = AE°- -^^ (1.11) 

When a cell is discharged the energy flows through the conducting wires. A 
part of this energy appeals as heat [AQ) It amounts to an iiieveisihle ])ioce.ss. The 
change in the entropy {AS) at temperature T associated with heat effect is given 
by [2] 


A5 = 


T 


( 1 . 12 ) 


or 

AS = „.F.(^) . ( 1 . 13 ) 

where (|^) is the temperature coefficient of EMF of a reversible cell. The enthalpy 
{AH = AG + TAS) of reaction is given by 


AF = -n.F.AE + n.F.T{^)p 


( 1 . 14 ) 


This is the Gibbs-Helmholtz equation in electrical units. 


The ratio (e = ^) of Gibb’s free energy change and enthalpy change gives 
the thermodynamic efficiency of the system [2]. Thus, combining (1.5) and (1.14), 
we have ■ 


e = 1 + 


n.F.T .dE . 
AH 'af'’’ 


(1 15 ) 


It is clear that the efficiency increases with increase in temperature for systems hav- 
ing a positive temperature coefficient (py)p for Ni-Cd system, temperature 

coefficient is negative. So^its thermodynamic efficiency decreases with increase in 
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(.('mix'nit.uro. The enthalpy ehange involve is 33 kilocaloiie pei ('(inivahait ■weight 
and thermodynamic efficiency is 0.89 at 25°C. 


1.4 Kinetics of electrode processes 

When a current is passed through an electrochemical cell, the process which 
opposes the flow and responsible for lowering of the cell potential from its equilibrium 
value is called polarization. Thiee main polarisations are described below . 

1.4.1 Concentration polarization 

Let us consider a metal rod M dipped in a solution containing M'*' ions. The 
electrode develops a certain potential (A£'i) depending upon its tendency to release 
ions and their cocentration in the solution itself. 

M -4 + ne- (1.16) 

If metal is made the cathode and the potential is applied, the metal ions will begin 
to be discharged and there will be a fall m the ion concentration in the vicinity of 
the metal electrode. If the fall is not made uj) by the immediate migration of the 
M'*' ions from the solution to cathode suifacc, the changed in electrode potential isaa. 
given by the Nerst equation as 


ilEi = Ai?° + 


RT 

nF 




(1.17) 


and 


AEi 




RT 

71 F 


ln[a.p' 


(1.18) 


such that 
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(1.19) 


AE A/.’ - 
Ai,-A/., 

This pliononu'non oi (loparlure of i.lu' (’h’d-roiU' pol.i'iil.ial from fJi(' (H|uilil)rium value 
as a rosull. of fhe change of concenfrafiou in flu’ viciiiil y of fhe (‘leclrofle is known 
as concentration polarization [4,5]. 


1.4.2 Activation polarization 

It occurs due to sluggisli electrode read, ion or in other words when an activa- 
tion energy is reciuired to ovcnconiing tlu' la'action liindrance. If a. niel.aJ is sul)ni(;rgcd 
in solul.ion coiilainiue, its own ions , a dynaniic (Vjiiilil nium is ('stahlishod, a.s much 
metal being dissolved as is redeposih'd in the sanu' tiuKV Such an ion transport 
through the phase boun<lary is laderrc'd (o as ('.xchang(' cnrrf'ut (hmsitv and is (h'liotcd 
by i(). If (lu' electrode is made an auod(' in an clcctrolyt(' bai.h witli a result, ing 
net dissolution of metal, the cathodic partial currc’nt, (/,.) is dt'creased while anodic 
paitial currc'ut (/„) increa.ses. Tlu* impressed lu't cni r('nl. is 

( 1 . 20 ) 

By comu'cting; tlu' metal as a cathodcjWe liiid coir('spoiidin|>|y 

A- -0-0, (1.21) 

The eriuilibrium between a non - corroding metal and a solution containing 
its ions coria'sponds to the point in the polarizalion diagram (Big. 1.2), where 
Bo is the reversible eciuilibrium potential of the metal in the solution and fo Is the 
exchange current. By examining tlu' (h'rivation of l.lu' ('loctrodc potential of the 
mi'tal fi'oin I In' ('(inilibrium vahu' /■], hy anodic cni rent /„, one obtains [ l| ; 

1. For small vahu' of 1„ (< 10 io), ov('rpofcnl ial varif's linemiy wit h /„, such that 
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Va = ^x- ( 1 . 22 ) 

Z.P 1„ 

111 a lialf-logaiithiiiic cliagrani, this coivospoiids to a dashed cuive shown in 
Fig. 1.2 

2. For la > 10 lo , overpotential ?;a is given by Tafel’s equation 


7/a = b. In— = a + b Inl^ (1.23) 

Jo 

where a and b (= aie constants In the hall logarithniic diagram, one 
then obtains Tafel straight lines 

3. For la much greater than io, polaiization occuis again because of cocentration 
gradient and/or resistance manifesting derivations from the Tafel lines (Fig. 
1 . 2 ). 


1.4.3 Ohmic polarization 

It is defined as cell internal impedance loss. It is pioportional to current 
drawn from the system and commonly teiined as ohmic polarization [l]. It depends 
upon (a) resistance of electrolyte and current collector, and (b) contact resistance 
between active mass and the current collector. The cell voltage AF' can be expressed 
as 


/\E = - [(’icOa + (77c)a] - [{Vct)c + {^lc)c\ “ iRi (l-24) 

where AEq is the open circuit voltage of the cell, (?/(/)„ and {'i]rt)c the activation 
polarization or charge transfer overvoltage of cathode and anode, {i]c)aa-'nd{r}c)c are 
the concentration polarization of anode and cathode, ? is the operation current 
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of cell oil load, and Rt is the internal lesistance of the cell. The ohmic polarisation 
disappears in a few microseconds after the current is stopped 

In battrey design, one tries to ensure minimum energy losses. Some factors 
which help m achieving this objective Cire as toHcos ; 

1. high conductivity of the electrolyte leduccs ohmic polarization. 

2 high chemical stability of electrolyte avoids reaction with electrodes. 

3. use of iiorous electrodes provides high suilacc aiea within a given geometric 
dimension and keeps activation polaiization to a baie minimum. 

4. a proper cell design facilitates easy mass transfer (or diffusion) of the reaction 
products fiom the electrode suiface through the clcctiolyte and, in turn, 
reduces the cocentration polarization. 

5. a current collector characterized by high corrosion resistance provides uniform 

the 

current distribution and low contact resistance and minimises^ohniic polariza- 


tion. 



Chapter 2 


The nickel - metal hydride 
battery 


Hydrogen has an extremely high energy density per unit weight (The energy 
density for Nickel-hydrogen battery is 55 Wh/kg as compared to 35 Wh/kg for Lead 
acid battery) . This property has led to develop systems which can use hydrogen as 
a fuel [7,8]- One of the greatest limitations in the usage of hydrogen is , however, 
caused by the difficulty encountered in its economic and convenient storage. The 
most common method being as gaseous cylinders at high pressure. This is most safe 
but the amount of hydrogen stored is low. Alternatively, hydrogen can be collected 
in a dewar after liquidification at — 240°C, which is a very expensive proposition. 
Fortunately, hydrogen reacts with certain metals and intermetallics (e.g., Pd, LaNis, 
SmCos, FeTi, Mg 2 Ni, etc.) and forms hydride sponges. The density of hydrogen 
thus stored is more than that of liquid hydrogen and can be released at convenient 
temperature and pressure at will [9] .These properties .led to the development of metal 
hydride electrodes for rechargeable batteries [10]. In fact, metal hydride electrode 
replaces the toxic cadmium electrode used in Ni-Cd alkaline batteries and offers 
several advantages, viz., (a) high energy density so less active materials, (b) cadmium 
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free environment resulting in lesser disposal problems, (c) maintenance free because 
of sealed construction, (d) long self life, fe) rapid recharging capability, etc.. 

2.1 Basic reactions 

In nickel-metal hydride (Ni-MH) battery, the positive electrode is made of 
Ni(OH )2 while the negative electrode is of a metal or intermetallic, having capacity 
to store hydrogen as hydride [7]. Both the electrodes have a separator m between 
for electrical insulation All these are dipped in an electrolyte (say, aq. KOH). A 
schematic diagram of Ni-MH batter}’- is sho\\'n in Fig. 2.1. The reactions during 
charging and discharging processes are represented as 

Ni{OH)2 + OH- + H^O -f- e’ (2.1) 


___ charging 
jV/ + HoO 4" 6 discKaging 


MH H- OH- 


The overall reaction is thus written by combining (2.1) and (2.2) as 


( 2 . 2 ) 


Ni{OH) 2 + M ZchSng NiOOH-^MH (2.3) 

where M stands for the hydrogen absorbing alloy / intermetallic ( say LaNis). Thus, 
during charging divalent Ni^^ oxidise to Ni"^^ and H 2 O disociates to give hydrogen 
atoms, which are absorbed by hydride forming metal / alloy / compound(M). During 
discharging, a reverse reaction takes place, i.e.. NiOOH converts back into Ni(OH )2 
and hydrogen atom from metal hydride is oxidised to H 2 O. Here, OH" ions consumed 
at the positive electro deww. equal to OH" produced at the negative electrode and 
hence no consumption of electrolyte takes place. As the equilibrium electrode 
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during charging divalent Ni"^^ oxidise to Ni"^^ and H 2 O disociates to give hydrogen 
atoms, which are absorbed by hydride forming metal / alloy / compound(M). During 
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potential of nickel electrode is + 439m\’’ and that of LaNis is -861mV, the open 
circuit potential of Ni-MH battery is just the difference of the two, i.e., 1.3V. 

2.2 Side reactions 

In Ni-k'IH batteries, some side reactions also occur at the electrodes, e.g.. 
oxidation of hydroxyl (OH“) ions with simultaneous evolution of ox}'gen at nickel 
electrode and reduction at the klH electrode [7] ; 

AOH- -^02 + 2 H 2 O + 4e- (2.4) 

O 2 + 2 H 2 O + 4e- ^ 40H- (2.5) 

As a consequence, the partial pressure of oxygen inside the battery increases. But, 
oxygen passes through the electrolyte in the meantime and reaches j\IH electrode, 
where it forms OH" ions by converting the metal hydride back into a metal. Ob- 
viously, the partial pressure of oxygen inside the battery is in general very low. 
Under steady state conditions, amounts of oxygen evolved at the Ni electrode and 
consumed at MH electrode are just equal [7] . 

The above reactions become important when the battery approaches 75- 
80% of charge. As the oxygen recombination reaction is exothermic in nature, 
the temperature begins to rise rapidly at this stage and voltage passes through 
a maximum as battery reaches a full charge. Beyond this point, voltage drops, 
battery goes into overcharge but temperature continues to rise as all electrical energy 
supplied is then converted into heat. The amount of heat generated (Q) inside a 
battery is given by [11] 


Q = i'- 


T. AS 


+ IZ 1^1 + 


nF 


( 2 . 6 ) 
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where i is the charging current, T is the temperature, n is the no. of electrons 
involved in the reaction, F is the Faradaj^ constant, AS is the change in entropy, 
represents various overpotential components, and i?, is the internal resistance of the 
battery. The effect of overpotential components becomes significant when oxygen 
recomoination cycle starts at MH electrode and heat evolved increases sharply. 
Also, the overpotential for oxygen recombination is extremely high (> IV). Thus, 

i5 

temperature rise can adversly affect the electrode properties and hence^^avoided. 

Similarly the reactions occurring at Ni electrode during discharge cycle are 

2 H 2 O + 2e- A 20H- + H 2 (2.7) 

and results in pressure buildup inside the battery. As the affinity of hlH electrode 
IS excellent for hydrogen the following reaction takes place there 

H 2 + 20H- ^ 2 H 2 O + 2e- ( 2 . 8 ) 

MH electrode should, therefore, possess excellent physical properties so as to remain 
stable during discharging . The battery voltage is usually very close to zero specially 
under overdischarging condition. 

2.3 Self discharging 

The Ni-MH batteries lose their stored charge under open circuit conditions. 
This is termed as self discharge. Typically, self discharge rates at room temperature 
are 1-2% of the storage capacity per day. There are two mechanisms responsible for 
self-discharge- 

H)The reaction that occur at nickel electrode is 
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2N200H + 20H- — > 2N%{0H)2 + O 2 + 26" (2.9) 

The electrons released by OH“ ions are accumulated at the Ni-electrode / electrolyte 
interface. Howe^'er, the kinetics of the process is such that it takes quite a while 
before oxygen evolution becomes appreciable leading to capacity loss under self 
discharge Subsequently, the oxygen on reaching the klH electrode produces OH" 
ions at :he expense of charge stored there The reactions taking place are 

O 2 “i" 2 H 2 O + 4e — ^ AOH (2.10) 

MH + OH- M + H20 + e- (2.11) 

ThuSjihe oxygen evolution at Ni electrode and recombination at jMH electrode 
make; a gas phase shunt for the charge stored at electrodes. 

ii) The hydrogen is also released at the MH electrode, 

MH — ^ M + iifa (2.12) 

Zj 

This hydrogen on coming in contact with Ni elctrode gets oxidised while the Ni 

A 

electrode is simultaneously reduced according to the reactions 

E 2 + 20H- 2 H 2 O + 2e" (2.13) 

NiOOH + H 2 O + e" — > Ni{OH )2 + OR- (2.14) 

Clearly, if partial pressure of hydrogen is high, more selfdischarge takes place. 
Obviou-sly, discharging also occurs via hydrogen gas phase shunt between MH and 
Ni-electrodes [7]. 
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2.4 The metal hydride electrode 

If we look at the hydrogen and hydroxyl ion movements inside a battery, 
similarity between electrochemical charge transfer and hydride formation/ decom- 
position reaction via gas phase becomes obvious [7.12]. 

The hydride formation during reduction ( or charging) involves (a) the 
supply of reactants by means of diffusion from the electrolyte to the solid / solution 
interface [5]. (b) charge transfer reaction leading to the formation of hydrogen and 
OH" ions at the interface, (c) separation of loctiori jiroducts, hydride formation 
through difiusion and transport of OH“ ions into the bulk of the electrolyte, and (d) 
evolution of Ho from the electrode surface by process of recombination of adsorbed 
hydrogen species. These steps can be represented by the following reactions : 


H20(^bulk) — 

->■ H20(S) 

(2.15) 

M + H20{^s) + — 

> MH{^a.ds) + ^^{S) 

(2.16) 


^{hydride) 

(2,17) 


^^{hulk) 

(2.18) 

^H(^ads) 

-^H2 

(2.19) 


The reverse reaction sequence occurs during the oxidation (discharging ) cycle. 

In case of gas phase, hydrogen molecules come into contact with a hydride 
forming compound and get dissociated at the solid-gas interface. Atomic hydrogen 
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thus produced is adsorbed at the metal surface, which jumps into the interstitial 
site underneath, dissolves in the intermetallic and eventually forms the hydride 
exothermically [10], In the reverse cycle, metal hydride dissociates by raising the 
temperature slightly and the hydrogen atoms diffuse to the surface where they 
recombine to form molecules and get liberated. 

The equilibrium potential of metal hydride electrode at a temperature (T) 
is given by [7] 


X? 1 

Eo = ^ In ph. 

nF 


( 2 . 20 ) 


where pn^ represents the equilibrium ( plateau ) pressure for adsorption and desorp- 
tion of hydrogen, R is the gas constant, and n is the number of electrons involved in 
the reaction Thus, measurement of the equilibrium potential iio against a reference 
electrode can be used to determine the plateau pressure of the reaction [13]. Usually, 

electrode materials having characteristic hydrogen plateau pressure of 0.1-1 bar (i.e., 

NI" 

lO'* - 10® Pa) are desirable for MH batteries. 

A 


2.5 The nickel oxide electrode 

Starting with metallic nickel, the a-Ni(OH )2 is first prepared. This upon 
cycling and/or aging is converted to dehydrated /?-Ni(OH )2 and in turn to /?-NiOOH. 
On further oxidation, /?-NiOOH is transformed into q-NiOOH which gets electro- 
chemically reduced to Q-Ni(OH )2 (see, e.g.. Fig. 2.2). The two /3-modifications are 
identified as active materials in the Ni-electrode. Both these compounds exhibit 
brucite C6 hexagonal crystal structure (Fig. 2.3). The /3-NiOOH is considered as 
H-deficient form of Ni(OH) 2 . The precipitated form of these compounds contain 
small amount of H 2 O and improves their electrical conductivity. Both the hydrated 
brms (i.e., Q;-Ni(OH )2 and a-NiOOH) also cryst^ize in layered brucite structure 
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and contain intercalation layers of H 2 O between Ni layers. As a result, c-axis is 
considerably increased. The presence of water layers enables easy ionic transport 
and is responsible for their improved electrical conductivity [?]. 


2.6 Present state of development 

The fabrication of a battery electrode is very intricate process and a matter 
of trade secret, hlost of the processes are patented with meagre details available. 
Some of the known processes for fabrication of electrodes related to nickel-metal 
hydride batteries are described below : 

(a) Fabrication of nickel electrode: As described earlier, the nickel electrode 
consists of a nickel substrate (plate / grid / plaque) impregnated with Ni(OH )2 on 
the surface. Conventionally, the Ni electrode is fabricated by sintering nickel powder 
in reduced atmosphere, and then impregnating electro chemically the active material 
Ni(OH )2 into the pores [14,15]. In preparation of nickel plaque by sintering , nickel 
powder has been replaced by nickel fibres (20 /um dia) successfully [16]. Also, the 
decay in electrode capacity can be reduced if we add some cobalt together with 
Ni(OH)2 [16]. 

A new technology has been developed by \'arta Batteries Ltd., Germany, in 
which, PTFE powder along with a catalyst is mixed with nickel powder (grain size 
30-40 /zm) in a mill with fast rotating knives. This PTFE mixture is rolled in the 
form of a continuous tape, which is laid onto a wire grid for mechanical stability 
and current collection [20]. In yet another method^Ni(OH )2 is mixed with a suitable 
oinder ( 1 % carboximethyl cellulose ) and mechanically pressed to obtain a nickel 
dectrode [11]. 
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(b) Hydride forming materials ;The alloys / intermetallics used for fabricating 

a metal hydride (or anode) electrode may be grouped under different categories, 

VIZ ABs, AB2, and AB types [1]. LaNis forms the basis of AB5 type intermetallics 

and are usually prepared by arc-melting The choice lies on the hydrogen capacity 

and suitable metal-hydride bond strength. Lanthanum is replaced by mischmetal to 

1 educe the cost. It is an anode matciial. Also^various modifications arc introduced 

to improve the characteristics of LaNis type system, e.g., the partial substitution of 

Ni with Ce, Sn, and Co results in expansion of the unit, cell and lowcis the hydrogen 

adsoptioii / desoiption plateau pressure Also, the piesence of Sn enhances the hy- 

ii 

diogen storage cai)acit3c These substituoiis together with partial replacement of La 
with Ce leads to alloys having a general formula Lai_a;Cej.Ni5_y_2:CoySn; and shown 
to retain high hydrogen storage capacity with longer cycle life [ 18 ]. The substitution 
of La and Ni by small amount of Zr and A 1 respectively have Ikhmi found t.o improve 
the cycle life of LaNij [ 19 ]. The multicomponent Lai_TCc,Ni3 3r,Mno-iAl()3 alloy is 
found to exhibit increasing corrosion resistance with increasing amount of Co content 
[20]. The mischmetal based system appears to find extensive use in metal hydride 
batteries MmNis 5 AIq 7C00 s (Mm — > mischmetal with 24 . 8 /La, 52 . 56 /Ce, 5.57 Pr, 
16 . 86 /Nd and O.l^Sni) improves the hydrogen absorption capacity when mixed 
with C03O4 or Ru02 [ 21 ]. Also, MmNia 5AI0 7C00 s on subjecting to mechanically 
grinding with cobalt metal powder for one hour shows higher discharge capacity and 
longer cycle life [22]. 

AB2-type intermetallics consist of Mg2Ni, Mg2Cu and alloys of vaiiadium- 
titaniiim-zirconium-nickel. The electrodes fabricated using V-Ti-Zr-Ni exhibit im- 
proved eneigv densiiv than LaNif, [1] I'he gxampk's loi AB-tyix' inf.i'iiiH'f, allies aie 
FeTi, Fei_rMna,.Ti and Fei_a:NCTi [6]. An electrode fabricated using mclt-extractcd 
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fibres of Ni 64 Zr 3 e has recently been found to have high hydrogen storage capacity 
and low self discharge rate [23]. 

(c) The MH electrode fabrication methods: The metal hydride electrodes are 
fabricated by mechanically pressing (pressure « 20.7 MPa) the well-mixed powders 
of the intermetallic compounds and an additive (in 1:1 ratio) on to a nickel (current 
collector) mesh at room temperature [24]. The additive (a binder) is carbon (Vulcan- 
XC-72, Norit-NIC or acetelene black XC-35) teflonised with 33 weight percent 
PTFE [14,24,25]. The thermoplastic elastomer such as styrene-ethylene / butyrene- 
styrene block copolymer (SEES) has been used successfully as binding materials 
for MH electrodes [26]. 2-5 weight percent of SEES gives the best discharge rate 
and capacity. SEES has a rubber-like properties and is soluble in organic solvents 
allowing separation of alloy powder from a used electrode for recycling as well. In 
another method metal hydride alloy powder is mixed with cobalt and nickel powders 
and mechanically pressed alongwith a net of woven pure nickel wire to form an 
electrode strip [27]. This is similar to a process m which alloy powder was packed 
into foamed nickel by cold pressing [28]. 



Chapter 3 


Fabrication of Ni-MH battery 


3.1 The current collector 

The current collector is a metallic strip or mesh and an important component 
of both the electrodes in Ni-MH batteries. This serves two purposes: (a) acts as 
a mechanical support and base for the active material, and (b) accepts current, 
resulting from reactions at numerous sites lying at the inner and outer surfaces of 
the electrodes. 

Its selection is usually based upon the type of battery and the charging current 
requirements. The current collector should have the following characteristics : 

• porous structure in which metallic particles can be attached with a binder, 

• capacity to withstand the temperature rise (during charging and discharging) 
without compromising with mechanical properties, 

• low electrical resistivity to lead to a minimum internal resistance, 

• high corrosion resistance with regard to KOH solution, and 


24 
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• chemically inert. 

Nickel , stainless steel or nickel plated steel mesh is generally used for the electrodes. 
In the present case , we u§ed a stainless steel mesh after thorough cleaning The 
steps involved are 

(a) washing with hot distilled water, 

(b) degreasing with 10 % NaOH solution and repeating step(_a), 

(c) pickling with dil. H 2 SO 4 and repeating step(a), 

(d) drying in an oven and storage in a desiccator. 


3.2 The electrolyte 

The electrolyte is one of the three basic components of the cell. It acts like a 
'bridge between two electrodes through which ions move. Obviously , it should have 
high el^rolytic conductance and low reactivity with electrodes. 

In Ni - MH battery KOH is used as an electrolyte. It is a white crystalline (rhombic) 
substance , molecular weight 56.10 , hygroscopic in nature and soluble in water. In 
the present case , potassium hydroxide pellets of 98% purity were dissolved in double 
distilled water to give a solution of 33% by weight. Its molality was 8.5. The viscosity 
(rj) at 25°C, is estimated from the expression [3] 


log— = A.c/ll — B.c) (3 1 ) 

r]Q 

where t?o is the viscosity of pure water, c is the number of moles of KOH per litre 
of solution and A (= 0.0476), B (= 0.0199) are constants . This gives viscosity as 
3.09 Ccntipoise and is quite reasonable. It may be noted that the viscosity of KOH 
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solution usually lies betwwen 1.5 and 5.0 Centipoise in the concentration range 20 
- 45 % by weight for practical battery systems [3]. The dispersion capacity of KOH 
solution is determined by its diffusion coefficient (D), which is determined by 

T 

D = kx- (3.2) 

V 

where , k is the Boltzmann’s constant ( = 1.38 x 10“^^ Joule / Kelvin). For our 
KOH solution diffusion coefficient takes a value of 1.32 x 10“^^ m“/s at 25°C. 


3.3 The Separator 

The separator has two functions to perform, namely physically separating 
the two electrodes to prevent short circuiting and holding of the electrolyte. So , 
the separator should be flexible , porous and have sufficient mechanical strength. 
It should not deteriorate in strong base and be able to withstand a temperature of 
65°C In this work, we have utilised nylon cloth and glass wool for separating the 
two electrodes. 

3.4 The nickel electrode 

Traditionally , it consists of a sintered nickel substrate impregnated with 
active material Ni(OH) 2 . The procedure involves complicated steps such as sintering 
in hydrogen atmosphere and electrochemical deposition of Ni{OH )2 into the pores of 
the nickel substrate. This process results in nonuniform deposition and involves high 
cost. In our appr^h , Ni(OH )2 powder was mixed with a conductive material and 
binder. The resulting paste was applied to a stainless steel grid and then pressed 
with a die, specially designed and constructed for the purpose. For the prepration of 
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Ni(0H)2, 0.5 molar solution of NiS 04 was mixed with one molar solution of NaOH 
(both in distilled water) to undergo a precepitation reaction 

NiSOi^+ 2NaOH XoiSOi + m{OH) 2 1 (3.3) 

The precepitate was then filtered, washed with distilled water and filtered again . 
This process was repeated 20 times until the test for SOj~ ion in washed out water 
came out to be negative. The purified precipitate was dried in an electric oven 
at S0°C (decomposition temperature of Ni(OH )2 is 200°C) and analysed by X-ray 
powder diffraction method (see Section 4 1). 

In the next step, we mixed Ni(OH )2 powder with nickel and graphite sepa- 
rately and subjected to grinding in a ball mill for half an hour. These were then 
spread over stainless steel grid using a number of binders. Some of the methods 
employed were sls under ; 

1. A paste of Ni(OH )2 and graphite (in ratio of 5:1) in benzene was spread over 
a stainless steel mesh (7 cm x3.5 cm) pressed with the help of a die at a 
pressure of 12 tonnes. The resulting electrode was found to be conducting 
but adhesion was weak as during charging operation graphite and Ni(OH )2 
particles got detached from the grid structure. 


2. Ni and Ni(OH )2 were mixed with epoxy resin (arealdite) in different weight 
ratios (1, 2, 5 and 10%). It turned out that only above 5%, epoxy resin was 
able to bind successfully the metallic powder with the mesh to give a good 
homogeneous electrode structure. Alternatively, portland cement was tried in 
place of epoxy resin. The resulting structure was found to be porous in nature. 
However, in both the cases the resistence was very high. So, the electrodes 
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were considered to be not useful at all. 


Since none of the ^bove methods produced satisfactory results , we have 
opted for the nickel electrode used in the commercially available Ni - Cd rechargable 
batteries (AA size) in the present work 

3.5 The metal hydride (MH) electrode 

The MH electrode is the most important component of Ni-MH battery For 
this, LaNi5 was ground m a ball mill (Fritsch, Germany) at 900 rpm for about 30 
minutes, passed through a 100 mesh sieve and stored in a bottle containing acetone 
The powder is usually plasticised using P.T.F.E. . The technolog}^ is however not 
known Therefore, we tried an alternative method with silicone sealemt as a binder. 
The reasons for selecting silicone sealent lie in its characteristic properties [29], 
viz it can survive chemical attack of 33% KOH , 30% H2SO4, phenol , H2O2 
, O3 , 10%. muiatic acid, etc., has high dielectrc strength (550 volts/mil),nd low 

N A 

volume coefficient of thermal expansion 9.3 x 10“'* per degree celcius). Also on 
application it adheres to steel grid very well within 24 hours at room temperature 
and does not run off. 

Using silicone sealent as a binder two types of MH electrodes have been 
fabricated, one using bare LaNis powder as active material and other using electro- 
less nickel coated LaNi-, powder [30]. For this, LaNis powder (6 g) was degreased 
in 20% NaOH solution, rinsed in water, etched for one minute in 50% volume / 
volume mixture of sulphuric acid (1 molar) and chromic acid (15 g/litre) and rinsed 
again in water. The powder was then immersed and held under suspension in an 
electroless nickel plating bath maintained at 90°C. The bath contained a solution 
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of nickel sulpliate(7.5 g), sodium acetate (2.5 g ) and sodium hypophosphite (2.5 
g ) in 250 ml of distilled water. After plating for 30 minutes, powder was rinsed 
in water and dried. As shown later, this process provides stability to LaNis by 
reducing / controlling oxidation and hydrogen cracking effects. The KIH electrode 
fabrication then involved rinsing of the steel grid in acetone and coating of silicone 
sealant ^spreading of nickel coated LaNis powder on both sides of the grid using a 
wooden paddle, and air drying for 24 hours. 

3.6 Battery fabrication 

The two electrodes with ^separator sheet in between, were rolled together 
put in a glass cylinder of outer diameter 1 8 cm and height 5.5 cm An another 
separator was introduced under the bottom metal hydride electrode so as not to 
allow that to come in contact with nickel electrode while being rolled. The open 
end of glass cylinder was sealed by a 2.5 mm thick nylon disc with arealdite . The 
nylon disc contained two holes of diameter 2mm each for taking out copper wire 
leades attached to the electrodes inside the battery. The outer end of the wires act 
as output terminal. 

The details of various batteries fabricated are given in Table 3.1 . 


Table 3.1 : Amounts of various components used in tiie fabrication of nickel metal 
hydride batteries number 1,2 and 3 


No. Component 





#2 

#3 

1 

LaNi^ powder 

5.110 

4.462 

4.793 

2 

Silicone sealeait 

1.795 

1.567 

1.723 

3 

Steel grid 

2.482 

2.262 

2.308 

4 

LaNi^ electrode 

9.381 

8.292 

8.824 

5 

Ni electrode 

5.989 

5.982 

5.986 


Total (4 + 5) 

15.370 

14.274 

14.810 



Chapter 4 


Results and discussion 


4.1 Pliase(s) evaluation 

The powder X-iay diffiaction patterns of LaNir, , Ni(0H)2 and nickel coated 
TjaNir, were recorded nsing Isodebyfiex 2002 diffiactonioter with CuK^ radiation (A 
= I 5 IIS A) and a curve sensitive detector CPS 120 (liNEL, France). Fig. 4.1 shows 
(.he X-ra.y diffraction pattern of pure LaNis. It consists of six prominent peaks whose 
29 and relat.ivc intensity values arc listed in Table 4 1 . The d-values correspond to 

O O 

a CaCug type hexagonal stiucture having a = 5.01C A , c = 3.982 A with c/a = 
0.794 [31] . The Miller indices assigned to various reflections are also given in Table 
4.1 . 


The powder X-ray diffraction pattern of Ni(OH )2 contains ten prominent 
peaks and is shown in Fig. 4 2 . The data extracted along with the Miller indices 
assigned are given in Table 4.2 . These suggest that Ni(OfI )2 prepared coi responds 

O O 

to a hexagonal structure having a = 3.126 A and c= 4.605 A [32]. 

Fig. 4 3 shows the X-ray diffraction pattern of nickel coated LaNi.o powder.The 
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Fig. 4-2 X ray diffraction pattern of Ni(0H)2 



Table 4.1 : X-ray powder diffraction data of LaNi^ 


No. 

Peak 

26 

(degree) 


Relative 

intensity 

^hkl 

known [31] 

Reflection 

hkl 

1 

a 

30.5 

2.92 

38 

2.926 

101 

2 

b 

35.9 

2.50 

13 

2.503 

110 


c 

42.5 

2.12 

100 

2.120 

111 


d 

45.2 

2.00 

23 

1.988 

002 


e 

62.8 

1.47 

29 

1.467 

202 


f 

68.3 

1.37 

50 

1.360 

301 

Table 4.2 

: X-ray 

powder diffraction data of Ni(OH) 

2 

No. 

Peak 

26 

(degree) 

^hkl 

Relative 

intensity 

known [32] 

Reflection 

hkl 

1 

a 

19.0 

4.60 

22 

4.605 

001 

2 

b 

33.2 

2. IQ 

100 

2.707 

100 

3 

c 

38.0 

2.40 

36 

- 

- 

4 

d 

53.0 

1.73 

2 

1.754 

102 

5 

e 

59.0 

1.56 

80 

1.563 

110 

6 

f 

62.0 

1.49 

5 

1.480 

111 

7 

g 

69.0 

1.36 

3 

1.335 

103 

8 

h 

72.5 

1.30 

34 

1.299 

201 
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29 \alue and relative intensity of each reflection are given in Table 4.3 . It is 
indeed very complex. However, very careful examination of the d-values suggest the 
presence of LaNi 5 and nickel as main constituents with small traces of Ni 302 ( 0 H )4 
, 7 - NiOOH and (5 - NiOOH [31-35], 


4.2 The electrical characteristics 

The electrical properties of Ni-MH battery fabricated are similar to a Ni- 
Cd battery, e g , the open circuit voltage is nearly same (1.3V ). But, the charge 
acceptance is much faster in case of Ni-MH battery. It is expected too , as charge 
is stored in the form of hydride and movement of hydrogen is very fast. The main 
characteristics are discussed below: 

The batteries were charged by a commercially available power supply giving 
16 mA current at 2V output voltage. To determine state of overcharge / full 
charge , a common method is to constantly monitor the open circuit voltage. When 
there occurs a slight decrease or a constant value is reached the charging process 
is considered to be over and therefore stopped [1]. We , however, tried manual 
monitoring of the open circuit voltage. But, no voltage plateau was seen upto about 
four hours of charging. Also , in the process battery number 2 was exhausted. So 
these batteries were subjected to a flat charging at 2V with 15 mA current for 45 
minutes. 

N. 

The batteries were discharged through a resistance of 920 ohms using the 
electrical circuit shown in Fig.4.4 . The current and voltage were measured with a 
4i digit panel current meter (HIL 2301) and a digital volt-ohm meter(HIL 2121), 




Fig. 4-3 X-ray diffrac-tion pa-ttcrn of Nickel coafcd LaNis 




Table 4.3 : X-ray powder diffraction data of nickel coated LaNi^ 


No. 

26 

(degree) 

■ihki '^> 

Relative 

intensity 

1 

12.8 

6.910 

7.0 

2 

19.3 

4.730 

3.5 

3 

36.2 

2.480 

11.5 

4 

42.2 

2.140 

7.5 

5 

42.9 

2.090 

100.0 

6 

45.6 

1.985 

1.0 

7 

47.8 

1.900 

12.5 

8 

51.5 

1.772 

1.0 

9 

52.1 

1.762 

1.5 

10 

59.2 

1.552 

21.0 

11 

60.7 

1.524 

1.2 

12 

60.9 

1.519 

1.0 

13 

63.2 

1.460 

4.5 

14 

64.3 

1.447 

4.0 

15 

66.2 

1.409 

5.5 

16 

66.6 

1.401 

3.5 

17 

68.8 

1.363 

4.0 

18 

70.7 

1.335 

48.0 

19 

72.0 

1.309 

22.0 

20 

72.5 

1.302 

15.0 

21 

73.5 

1.286 

7.0 

22 

74.6 

1.274 

2.0 

23 

75.8 

1.253 

17.0 

24 

76.5 

1.243 

3.0 
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respect ivc'ly. The eurrent -time -voltagi' data aie sunimai r/x'd m 'lahlcs h.'l,! 5 and 
4 6 for halteiv number 1,2, and 3 respeetivelv I'lu' povvin, a,v('iagr eiu'igy, int.enial 
resistance and energy density were caicnlated using t.he following relations [1], 

power = m.id point voltage x midpoint discharge current (4.1) 


average energy — power x tnne{ seronds) 


(4 2) 


V 

Internal resistanee (r) = I^cricm 


al 


(■1-3) 


where V is in luV'^ i ; i is in iiiAftR 


c rternal 


Is 920 ohms. 


Energy density = 


E 


M 

where E is the total energy stored and defined as int.egral of irower-timc curve and M 
is the total weight of both the electrodes (i e., metal hydride and nickel ). Internal 
resistance and energy density figures are given in Table 4.9. The voltage, current and 
power profiles are shown in Fig. 4.5, 4.6 and 4.7, respectively. These clearly reveal 
that curreirt and battery voltage drop similarly during discharge. The decrease in 
power (^) takes place more rapidly because of voltage exponeirt 2. The watthour 

efficiency can be estimated from 

Watthour s delivered on discharge 


Watthour needed to charge 
This gives lu as « 11-13% for all the batteries fabricated . 


(4.5) 


4.3 Eifect of nickel encapsulation 

As i)oint('d out earlier , we initially' fain icaU'd Ni-hlll balxurii's using bare 
LaNis powder . As a consequence , these quickly lo S' the stored charge under 



Voltage (volts) 



’balteryl’ 

’battery2’ 

’batteryS’ 


0.9 - 
0.8 - 
0.7 - 


100 


Time (minutes) 





Averag© power (milliWatt) 


40 



Time (minutes) 



0 20 40 GO 80 100 


Time (rninules) 


Table 4.4 : Discharge charateristics of nickel— metal hydride 

battery 1 


No. 

Time 

(Minutes) 

Voltage 

(Volt) 

Current 

(mA) 

Average Power 
(mW) 

Energy 

(mJ-s) 

1 

0 

1.320 

1.52 

- 


2 

10 

1.245 

1.47 

1.92 

1149 

3 

20 

1.236 

1.46 

1.81 

1086 

4 

26 

1.230 

1.46 

1.79 

645 

5 

36 

1.217 

1.44 

1.78 

1068 

6 

46 

1.210 

1.43 

1.74 

1044 

7 

51 

1.210 

1.42 

1.72 

516 

8 

66 

1.147 

1.36 

1.64 

1476 

9 

72 

1.122 

1.33 

1.54 

554 

10 

82 

1.090 

1.30 

1.46 

876 

11 

92 

1.012 

1.22 

1.33 

798 

12 

97 

0.978 

1.15 

1.18 

354 

13 

101 

0.941 

1.12 

1.09 

196 

14 

105 

0.899 

1.07 

1.01 

242 

15 

108 

0.851 

1.01 

0.91 

164 

16 

110 

0.814 

0.97 

0.82 _ 

98 





Total 

10266 
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Table 4.5 : Discharge characteristics of nickel-^etal hydride 

battery ' 2 ' 


No. Time Voltage Current Average Power Energy 

(Minutes) (Volt) (mA) (mW) (mJ-s) 


1 

0 

1.312 

1.57 

- 

- 

2 

9 

1.262 

1.51 

1.98 

1072 

3 

15 

1.218 

1.45 

1.84 

662 

4 

21 

1.193 

1.42 

1.73 

625 

5 

31 

1.170 

1.39 

1.66 

999 

6 

41 

1.151 

1.37 

1.60 

960 

7 

51 

1.124 

1.34 

1.55 

927 

8 

57 

1.095 

1.30 

1.46 

527 

9 

65 

1.063 

1.27 

1.38 

665 

10 

73 

1.026 

1.22 

1.30 

624 

11 

80 

1.001 

1.19 

1.22 

585 

12 

84 

0.975 

1.16 

1.16 

278 

13 

90 

0.920 

1.09 

1.07 

385 

14 

95 

0.874 

1.05 

1.96 

288 

15 

98 

0.842 

1.00 

0.88 

158 

16 

101 

0.810 

0.97 

0.82 

148 

17 

102 

0.768 

0.92 

0.79 

47 


Total 

8950 


42 


Table 4.6 : Discharge characteristics of nickel— metal hydride 

battery '3' 


No. 

Time 

(Minutes) 

Voltage 

(Volt) 

Current 

(inA) 

Average 

(mW) 

Power 

1 

0 

1.316 

1.58 

- 

- 

2 

6 

1.298 

1.54 

2.05 

738 

3 

10 

1.277 

1.52 

1.97 

473 

4 

20 

1.249 

1.48 

1.90 

1140 

5 

28 

1.229 

1.45 

1.81 

869 

6 

30 

1.223 

1.45 

1.77 

212 

7 

34 

1.214 

1.44 

1.76 

422 

8 

40 

1.202 

1.42 

1.72 

621 

9 

44 

1.193 

1.41 

1.69 

406 

10 

50 

1.178 

1.39 

1.65 

594 

11 

54 

1.169 

1.39 

1.63 

391 

12 

60 

1.155 

1.37 

1.60 

576 

13 

64 

1.142 

1.36 

1.57 

377 

14 

70 

1.124 

1.34 

1.53 

551 

15 

72 

1.114 

1.33 

1.49 

179 

16 

76 

1.090 

1.30 

1.44 

346 

17 

80 

1.062 

1.26 

1.38 

331 

18 

86 

1.024 

1.22 

1.29 

466 

19 

90 

0.980 

1.17 

1.20 

288 

20 

94 

0.942 

1.13 

1.10 

265 

21 

96 

0.909 

1.08 

0.99 

119 

22 

98 

0.880 

1.06 

0.96 

115 

23 

100 

0.854 

1.02 

0.90 

108 

24 

101 

0.798 

0.96 

0.82 

50 

25 

103 

0.771 

0.92 

0.73 

88 





Total 

9725 


Energy 
{mJ~ s ) 
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Table 4.7 : Discharge charateristics of nickel— metal hydride 

battery '1' after 25 cycles 


No. 

Time 

(Minutes) 

Voltage 

(Volt) 

Current 

(mA) 

Average Power 
(mW) 

Energy 

(mJ-s) 

1 

0 

1.320 

1.52 

- 

- 

2 

10 

1.240 

1.47 

1.91 

1146 

3 

20 

1.231 

1.45 

1.80 

1080 

4 

30 

1.219 

1.44 

1.77 

1062 

5 

40 

1.212 

1.43 

1.74 

1044 

6 

50 

1.207 

1.42 

1.72 

1032 

7 

60 

1.163 

1.37 

1.66 

996 

8 

70 

1.121 

1.32 

1.55 

930 

9 

80 

1.079 

1.28 

1.43 

858 

10 

85 

1.048 

1.25 

1.34 

403 

11 

90 

1.009 

1.21 

1.26 

369 

12 

95 

0.973 

1.14 

1.16 

379 

13 

98 

0.913 

1.09 

1.05 

189 

14 

101 

0.874 

1.04 

1.95 

171 

15 

103 

0.845 

1.99 

0.87 

104 

16 

105 

0.816 

0.98 

0.81 

91 





Total 

9854 


44 




Table 4. 8 : Discharge characteristics of nickel— metal hydride 

battery '3' after 25 cycles 


No. 

Time 

(Minutes) 

Voltage 

(Volt) 

Current 

(mA) 

Average Power 
(mW) 

Energy 

(mJ-s) 

1 

0 

1.320 

1.58 


- 

2 

5 

1.303 

1.55 

2.05 

738 

3 

10 

1.276 

1.52 

1.97 

472 

4 

20 

1.247 

1.48 

1.89 

1134 

5 

30 

1.221 

1.45 

1.80 

1080 

6 

35 

1.210 

1.44 

1.75 

526 

7 

40 

1.200 

1.42 

1.72 

516 

8 

45 

1.197 

1.41 

1.69 

507 

9 

50 

1.175 

1.39 

1.65 

495 

10 

55 

1.157 

1.37 

1.61 

483 

11 

60 

1.153 

1.37 

1.58 

474 

12 

65 

1.136 

1.35 

1.55 

467 

13 

70 

1.121 

1.34 

1.52 

456 

14 

75 

1.091 

1.30 

1.45 

437 

15 

80 

1.058 

1.26 

1.37 

413 

16 

85 

1.026 

1.22 

1.29 

387 

17 

90 

1.980 

1.17 

1.19 

359 

18 

93 

1.949 

1.13 

1.10 

199 

19 

96 

0.899 

1.07 

1.00 

180 

20 

99 

0.848 

0.01 

0.89 

161 

21 

101 

0.810 

0.99 

0.82 

99 

22 

103 

0.749 

0.90 

0.73 

88 

Total 

9671 
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Table 4.9 ; Variation of open circuit voltge of nickel -metal 

hydride batteries 


Number of days 

Open circuit voltage (Volt) 


Battery No. 1 

Battery No. 3 

» 

1.30 

1.300 

2 

0.3 

1.298 

60 

0.1 

0.978 

Table 4.10 : Characteristic parameters of nickel 

batteries 

-metal hydride 

Parameter 

Battery No. 1 Battery No. 2 

Battery No. 3 


Internal 

resistance (ohm) 

75 

80 

73 

Energy density 
(J-s/kg) 

667 

626 

656 


Table 4.11 : Effect of Ni-encapsulation on the stability, open 

circuit voltage and capacity of nickel -metal hydride batteries. 


Parameter 

Battery No. 1 

Battery No. 3 

Percentage drop in open circuit 
voltage after 60 days 

92.30 

24.80 

Stability factor (s) after 25 cycles 

0.96 

0.99 

Average drop per cycle in capacity 
after 25 cycles 

1.6x10"^ 

0.4x10“^ 
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open circuit condition (Table 4.10 ) due to poor stability. The battery ‘1’ was 
subjected to 25 charge-discharge cycles to determine its functional stability. The 
characteristics after 25 C 3 ^cles are given in Table 4.7 . It can be noticed that the 
total energA- stored in 25th cycle is less than that stored in the first cj^cle. Obtaously, 

there is a clear degradation in capacity of battery T’ during the charge-discharge 

•%: 

cycles As mentioned earlier, battery ‘2’ was exhausted during the first fetv charging 
cycles only. 

The charge storage capacity and its retention upon subsequent electrochem- 
ical cycling is yet another important parameter for a hydride forming electrode. 
Usually the storage capacity decreases with each cycle [7]. a feature prevailing in 
the present Xi-MH battery as well. The stabiht\’ factor S(n) can be defined as 

5(n) = 11 ^ (4.6) 

where Ci(n) refers to the storage capacity after n c\nles . Obviously , S(n) gives 
the fraction of the initial storage capacity at any instant . The decrease of Cj(n) or 
stability factor S(n) is associated with the degradation of LaXis itself. In fact, the 
hydrogen absorption / desorption process leads to reduction in particle size due to 
considerable volume expantion ( ft; 25%) and the associated stress / strain causing 
cracking. Also, only a partial release of hydrogen occu rs during the discharge cycle. 
Besides, surface oxidation of active LaNis particles takes place in alkali media via 
an irreversible first order reaction of the type 

LQ,Ni$ -h 3 H 2 O — t L(x{OH)z + oNi -I- 2 ^^ (^•'^) 

The presence of the above reaction products have been detected by XRD earlier [36] 
and are assumed to cover the underlying active LaXir,. Thus , there is an effective 
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coverage and simultaneous reduction in amount of the active material with each 
cycle . Obviously , storage capacity has to decrease and can be considered to be 
proportional to the amount of active material left Notten et. ai.[35] have derived 
an expression for Cf(n) as 

where Aq is the specific surface area of starting material , Koi is the oxidation rate 
constant . an.o is the activity of water , hliaMs is the molecular weight of LaXis and 
t is the elasped time For retention of the initial storage capacity, it is necessary that 
the Ao and Koi both be small . While the former relates inversely to the particle 
size, the later depends on the oxidation charateristics of the active material itself. 


In order to overcome degradation problems, we fabricated battery '3' with 
metal-hydride electrode made of electroless nickel coated LaXis powder and sub- 
jected to same kind of tests. The results were quite encouraging as improvements 
occurred in both the shelf life (i.e., low self discharge ) and capacity loss , as indicated 
in Tables 4.8 and 4.9. Yet another parameter giving average fractional drop per cycle 
in capacity can be approximated by considering linear relationship as 


S'{n) = 


1 - 5(n) 
n 


CtjO) - Ctjn) 
n.C'f(O) 


(4.9) 


Similarly, fractional drop in open circuit voltage after time t can be given by 


.dV. _Vo-Vt 
^ Y Yo 


(4.10) 


Where Vq is the initial open circuit voltage and Vt is the voltage after maintaining 
the open circuit condition for time t. While S'(n) is evaluated after 25 cycles, (^)t 

OjLf- 

is determined after 60 days of self discharge. The results presented in Table 4.11. 

A 
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These clearly show improvement in characteristics (e.g.^ much higher stability) for 
nickel coated MH electrode battery. 

This can be understood by effective decrease of the oxidation rate constant 
Koi as well as the controlled passage of hydrogen through nickel coated layer to LaNi 5 
causing less damage and less effect on the particle size. Nickel coating also acts as 
a local current collector to facilitate the discharge transfer reaction on the alloy 
surface. Alternatively one has to develop another hydrogen storage compound of 
lower Koa;, as attempted by others [37-40]. As pointed earlier, battery self discharge is 
due to hydride stability under open circuit condition.The micro encapsulation results 
in protection of alloy against strongly oxidising environment inside the battery by 
providing a barrier of stable nickel layer. 



Conclusions 


1. Nickel - metal hydride rechargeable cylindrical battery (size 'AA’) has 
been successfully fabricated using nickel coated LaNis as active material widi silicone 
sealent as binder (for the negative electrode ),Ni(OH )2 electrode, 8.5 molal solution 
of KOH as an electrolyte , and a combination of nylone cloth and glass wool as 
separator. Their typical open circuit voltage is 1.3 V with energy density equal to 
approximately 656 J-s/kg . 

2. Silicone sealant has proved to be a good binding material and can replace 
P.T.F.E. in the fabrication of MH electrode. 

3. For charging / discharging cycle, it is necessary to have a totally sealed 
rather than vented construction for the battery . 

4. The quantity of electolyte should be just sufficient to wet the sepsarator as 
otherwise excessive gas evolution occurs - adversely affecting the seal. 

5. Microencapsulation of LaNis powder with electroless nickel coating was 
found to be very effective in improving the stability and performance of MH elec- 
trode. It not only prevents oxidation of LaNis but also acts as local current collector 
causing in improvement in the recycling capacity and the reduction in the self 
discharge effect of the Ni-MH battery. 
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Scope for further work 


In the present work many interesting pitfalls were encountered. Some of these 
requiring further investigations are : 

(a) Development of Ni(OH)2 electrode. 

(b) The battery (cell) fabricated exhibit high internal resistance. So better 
contact between support grid and metal hydride powder is necessary. Also, mod- 
ifications of KOH electrolyte is to be examined by addition of better conducting 
LiOH. 

(c) Encapsulated LaNiS powder particles contain Phosphorous/Phosphite ions 
due to the presence of sodium hypophosphite in the plating bath. The stability 
achieved in MH electrode needs to be evaluated as a function of phosphorous content. 

(d) The full charge state of Ni-MH batteries could not be determined due to 
step wise rather than continuous monitoring of open circuit voltage . Thus evaluation 
of storage capacity should be done after insuring full charged condition. 



Appendix 


1'. Important electrochemical constants / terms : 


• Faraday constant = 96,487 C 

• Ampere hour (Ah) = Current (A) * time (h) 

• 1 electron flow per second = 4.44 * 10“^^ Ah 

• Capacity (Ah/g) = 26.8 / (Equivalent weight of active material) 


2. Theoretical voltage and capacity of major battery systems [1] : 


Battery 

Anode 

Cathode 

Capacity 

V 

g/Ah 

Ah/kg 

Lead - acid 

Pb 

Pb02 

2.1 

8.32 

120 

Edison 

Fe 

NiOOH 

1.4 

4.46 

224 

Nickel - Cadmium 

Cd 

NiOOH 

1.35 

5.52 

181 

Nickel - Hydrogen 

H 2 

NiOOH 

1.5 

3.46 

289 

Nickel - metal hydride 

MH 

NiOOH 

1.35 

6.50 

206 

Silver - cadmium 

Cd 

Ago 

1.40 

4.41 

227 

Sodium - sulfur 

Na 

S 

2.1 

2.65 

377 

H 2 /O 2 fnel cell 

H 2 

O 2 

1.23 

0.336 

2975 
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3. Technical details about important Ni-Cd cylindrical sealed cells 




Overcharge rate (mA) 

Size (mm) 

Size 

Rated Capacity (mAh at 25°C) 

maximum ' 

minimum 

diameter 

height 

i AA 

100 

10 

5 

15.0 

17.9 

i A 

3 ^ 

150 

15 

8 

16.7 

16.7 

1 AA 

250 

25 

13 

15.0 

32.5 

1 A^ 

400 

40 

20 

17.1 

28.5 

AA 

450 

45 

23 

14.6 

50.0 


550 

55 

28 

23.0 

26.6 

A 

600 

60 

30 

16.7 

49.9 

Cs 

1000 

100 

50 

23.0 

41.8 

|c 

1000 

100 

50 

26.3 

30.1 


1000 

no 

55 

26.3 

33.1 

c' 

1500 

150 

75 

26.3 

47.2 


2000 

200 

100 

33 1 

37.2 

D 

3500 

350 

175 

33.1 

59.6 

F 

5600 

560 

280 

33.1 

88.6 


Ni-Cd battery application engineering handbook, General electric company, USA 
Diameter includes 0.8 mm usual allowance for insulating sleeve 
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